The sequences of class A ,I-lactamases were compared. Four main groups of enzymes were distinguished: those from the gram-negative organisms and bacilli and two distinct groups of Streptomyces spp. The Staphylococcus aureus PC1 enzyme, although somewhat closer to the enzyme from the Bacillus group, did not belong to any of the groups of I-lactamases. The similarities between the secondary structure elements of these enzymes and those of the class C P-lactamases and of the Streptomyces sp. strain R61 DD-peptidase were also analyzed and tentatively extended to the class D ,I-lactamases. A unified nomenclature of secondary structure elements is proposed for all the penicillin-recognizing enzymes.
In the last few years, many different 13-lactamase sequences have become available. Most of them are active serine enzymes, and they have been divided into three major classes (classes A, C, and D) on the basis of their sequences. Crystallographic studies have revealed details of the threedimensional structures of four class A and one class C 13-lactamases and of a related penicillin-recognizing enzyme, the Streptomyces sp. strain R61 DD-peptidase. These data indicate, as expected, that most of the major structural features of the four class A enzymes are nearly superimposable and, in addition, that the peptidase and the class C enzyme appear to be built according to very similar patterns.
Class A P-lactamases, for which the most detailed structural information is available, have been used as models for the whole group of active serine penicillin-recognizing enzymes. In this study we compared the sequences of class A 1-lactamases and searched for corresponding areas in the other serine 1-lactamases and the Streptomyces sp. strain R61 DD-peptidase. Origins of compared sequences. (i) Class A P-lactamases. Class A P-lactamase sequences were those from Bacillus licheniformis 749/C, Bacillus cereus 569/H (type I), TEM-1, Staphylococcus aureus PC-1 (1), PSE-3 encoded by plasmid Rmsi49, and Rhodopseudomonas capsulata (8) ; SHV-1 (also called PIT-2) (5); Bacillus cereus 5/B (50); Bacillus cereus 569/H (type III) (24) ; LEN-1 (Klebsiella pneumoniae) (3); Klebsiella oxytoca E23004 (4); PSE-4 (7); Actinomadura sp. strain R39 (22) ; Streptomyces albus G (11) ; Streptomyces lavendulae, Streptomyces badius, and Streptomyces fradiae (15) ; and Streptomyces aureofaciens (2) .
Two different enzymes secreted by Streptomyces cacaoi have been described. In this report, to distinguish the two sequences, we added the abbreviation of the institution where the gene was sequenced to the name of the strain, as follows: ULg and NDRE for Lenzini et al. (33) and Forsman et al. (15) , respectively. A large number of extended-spectrum ,-lactamases (SHV-2 and all the TEM enzymes) have been described recently. Sequencing of the corresponding genes often showed that they were derived from the parent * Corresponding author.
enzymes by a very small number of amino acid substitutions (see, for instance, references 6 and 36). Similarly, the OHIO-1 and the Citrobacter diversus ULA-27 P-lactamases are closely related to the SHV-1 (47) and K. oxytoca (43) enzymes, respectively. Thus, only the TEM-1, SHV-1, and K. oxytoca enzymes were included in the comparison.
Unless otherwise stated, the ABL consensus numbering scheme of class A 1-lactamases (2) is used throughout this report.
(ii) Class C ,B-lactamases. Class C r-lactamase sequences were those from Escherichia coli K-12 (26); Citrobacter freundii 0S60 (34); Enterobacter cloacae P99, Q908R, and MHN1 (16); Serratia marcescens SR50 (38) ; and Pseudomonas aeruginosa (35) .
(iii) Class D ,3-lactamases. The aligned sequences of class D ,3-lactamases were those from OXA-1 (41), OXA-2 (9), and PSE-2 (23) were used. A consensus numbering scheme for class D ,-lactamases is proposed in this report. The putative active Ser residue was arbitrarily for class D ,B-lactamases assigned the number 70 (as in the ABL consensus numbering scheme).
(iv) Penicillin receptor. The penicillin-binding, C-terminal domain of the blaR gene has been expressed as a 26,000-Mr soluble protein in E. coli (28) . It is referred to as the BLAR-CTD protein, and its numbering is according to the class D consensus scheme.
(v) DD-Peptidase. The DD-peptidase was that from Streptomyces sp. strain R61 (14) . The numbering system used is that of the mature protein.
MATERIALS AND METHODS
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The SEQDP algorithm gives a score for the best alignment of two sequences, as described by Goad and Kanehisa (18) and Needleman and Wunsch (39) . The final score is the sum of the individual scores obtained for each pair of residues minus a gap penalty of 8. The original table of Dayhoff (10) was used, and the scores varied from 0 to -17, with the lower value representing identical residues. The sequences that were compared were the same as those above, from residues 30 to 285 (ABL consensus numbering scheme), but the gaps were introduced by the program itself, in contrast to the distances algorithm, in which the gaps were imposed a priori.
Secondary structure predictions were performed as described by Robson and Gamier (44) .
RESULTS AND DISCUSSION
Amino acid sequence comparisons. (i) Class A ,-lactamases.
The alignment of the class A P-lactamase sequences has been described by Ambler et al. (2) . Table 1 presents the comparison matrices which were obtained with residues 30 to 285 of the ABL numbering scheme. It should be stressed that the deletion of the N-and C-terminal residues increased the similarities between the various enzymes, since the alignments show that these areas exhibit higher degrees of variation (2) .
Both comparison methods yielded very similar results ( Table 1 ). The SEQDP algorithm generally yields higher scores, since it uses a replacement matrix, while the other procedure counts matches only above a certain level. Two pairs of enzymes, SHV-1-LEN-1 and B. cereus I-B. cereus Sb, exhibited particularly high scores (greater than 90). They were not considered to be different proteins in the following analysis. The enzymes of S. aureus and R. capsulata consistently exhibited poor scores. Moreover, they were extremely different from each other; indeed, the score obtained by comparing them with each other was the lowest score of all. To position each enzyme in the complete population, we computed an average score as the mean of all the scores (the distances program was used) for a given enzyme, with the standard deviation representing the heterogeneity of its behavior. Those averages ranged from 39.5 ± 5 for the R. capsulata and S. aureus enzymes to 51 ± 10 for the B. licheniformis enzyme and were generally higher for the Streptomyces and Bacillus P-lactamases than for those originating from gram-negative species. Those scores were probably somewhat biased because of the presence of seven Streptomyces and four Bacillus enzymes in the sample. As a consequence, we tried to group the various enzymes into a limited number of enzyme families. The basic idea was that a given enzyme should exhibit a significantly higher average score against its own enzyme family than against the others. This resulted in the classification shown in Table 2 comprising four enzyme families and three "loners," in which each enzyme nicely fulfills that condition. The At present, it is not possible to build a phylogenetic tree with the proteins compared here. Pastor et al. (42) have recently proposed a tree, some aspects of which are at variance with our classification. The reasons for those differences are not clear, but it remains difficult to understand how the K. oxytoca and S. albus G enzymes, which, when compared by our criteria, exhibited a very low score of 43, could be considered to be closely related by those investigators.
(ii) Class C ,-lactamases and the Streptomyces sp. strain R61 DD-peptidase. Alignment of the five known distinct sequences of class C P-lactamases (16, 35, 38) reveals 93 invariant residues (26%), and this does not allow an easy pinpointing of functionally important conserved residues. However, by introducing the Streptomyces sp. strain R61 DD-peptidase into the comparison, a more significant identification of such conserved areas could be performed (27) . Recent three-dimensional data show that Y159 in the DDpeptidase superimposes on Y150 in the ,-lactamases, which suggests that the YSN sequence of the peptidase corresponds to the YAN sequence of the class C P-lactamase enzymes. Moreover, the hydroxyl group of the Y residue superimposes on that of S130 in class A P-lactamases. 
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FIG. 1. Aligned sequences of BLAR-CTD and class D ,B-lactamases.
Strictly invariant residues are underlined. A residue was considered as a consensus when it was present in at least three of the proteins.
high degree of similarity has been found between the OXA-2 1-lactamase and the C-terminal domain of the product of the blaR gene (BLAR-CTD) (51), although BLAR-CTD exhibits only penicillin-binding properties and an exceedingly low hydrolytic activity. Figure 1 shows the aligned sequences, and Table 3 provides results of the comparisons that were performed as described above for the class A enzymes. It was remarkable to observe that the BLAR-CTD fragment exhibited higher scores with OXA-2 and PSE-2 than OXA-1. In fact, those scores characterize by far the highest degree of similarity ever found between a P-lactamase and a penicillinbinding protein. By contrast, by using the SEQDP algorithm and the same scale, the comparison between the Streptomyces sp. strain R61 DD-peptidase and a class C 3-lactamase yielded a score of -12.4 (27) which, in that previous analysis, was the highest inter-enzyme family score.
A gene homologous to the blaR gene has been found in Tn552, a transposable element from S. aureus (45) . Its sequence has been determined, and its C-terminal portion is included in the comparison presented on Table 3 .
General comparison. The presently available X-ray structures show that four class A [B-lactamases (13, 21, 37, 46) and one class C [-lactamase (40) and the R61 DD-peptidase (31) are composed of two domains, one ao/[ and one all a (Fig. 2) 
Streptomyces sp. strain R61 (14); class D and BLAR-CTD, see Fig. 1 . b The identification of element 3 in the class C ,-lactamase of C. freundii is tentative since the C,,, coordinates of the enzyme are not available.
For the class D ,B-lactamases and the BLAR-CTD. the identification of elements 1 and 4 cannot be easily challenged, but that of elements 2 and 3 is based only on sequence alignments.
The penicillin-binding site is in a crevice at the interface between the two domains. In the six enzymes, the active site is limited by four structural elements which occupy similar positions (Table 4) .
where S* is the active serine, at the N terminus of the a2 helix.
(ii) Element 2. Element 2 is the SDN loop of class A P-lactamases, corresponding, respectively, to YAN and YSN sequences in class C enzymes and the DD-peptidase. This loop is between helices a4 and aS in class A 1-lactamases. However, in class A P-lactamases, that serine appears to be involved in maintaining the functional positioning of the two domains (25) and in the protonation of the substrate's leaving group (32) , roles which might be very different from that of the tyrosine in class C 1-lactamases, which could act as a general base in the catalytic phenomenon (40) . (iii) Element 3. Element 3 is an acidic residue situated just before or at the N terminus of a one-turn helix or of a loop whose first three residues present helix-like characteristics.
The residue is E in class A P-lactamases and D in class C P-lactamases and the peptidase. In class A 1-lactamases, site-directed mutagenesis indicates that E166 (ABL consensus numbering scheme) plays an important role in catalysis (17) . Accordingly, its side chain points into the substratebinding cavity. In class C P-lactamases and the Streptomyces sp. strain R61 DD-peptidase, the side chain does not point into the active site, and modifications of that residue do not appear to alter the enzyme activity (20, 49) . Even if, in those cases, it plays no functional role in catalysis, the reproducible presence of that residue might still represent another element that is common to all the structures.
(iv) Element 4. Element 4 is the KT(S)G sequence on the P3 strand of class A P-lactamases facing the SDN loop on the other side of the active serine. The same KTG sequence is found on the 17 strand of the class C enzyme and HTG on the 13 strand of the DD-peptidase, in similar positions. Finally, it is interesting to remember that the SXXK and KTG elements are also found in all penicillin-binding proteins that have been described so far. Moreover; a SXN sequence, which might correspond to element 2 is also found in all penicillin-binding protein sequences (48) .
Those four elements can serve as markers to compare the folding of the four classes of enzymes discussed here. By using the numbering of the helices and ,B strands as they occur in the sequence in class A P-lactamases (Fig. 3) , the following conclusions can be made.
(i) The residues preceding the active Ser contribute one helix and two , strands to the at/I domain.
(ii) The active serine is at the N terminus of the hydrophobic helix a2, which is followed by a loop containing one short helix (a3) in the B.-licheniformis and S. aureus class A P-lactamases and in the Streptomyces sp. strain R61 DDpeptidase. The S. albus G ,-lactamase contains one additional helix (a2a), and the class C enzyme contains two additional short helices. This is also a hydrophilic part of the molecule where a short (12-residue) insertion occurs in class C P-lactamases and the DD-peptidase.
(iii) Thereafter, six helices occur successively in the P-lactamases (a4 to a9). When it is present, the fourth helix (a7) is very short (one turn) and sometimes reduces to a loop where two or three residues present helix-like angle values. Active-site element 2 is between a4 and aS in all the enzymes, and element 3 is just at the beginning of the short helix a7. Helix a8 is at the border between the all a and the oa/3 domains. It is in contact with the ,3 sheet and might play an important role in the stability of the whole structure. In this all-a part of the molecules, two insertions appear to occur in the class C enzyme and the DD-peptidase, one between a4 and aS and the other between a6 and a7. This might explain why the orientation of the a4 helix is somewhat different in the class A enzyme and the DD-peptidase.
(iv) The C- The proposed ABL numbering of the secondary structure elements, corresponding to that of the S. aureus enzyme, is used for the four enzymes. W4'n different, the original numbering is also shown under the corresponding value of the ABL consensg numbering scheme. In the proposed unified nomenclature, a secondary structure which is absent in the reference protein is assigned the nuhiber of the preceding helix or strand with an additional letter.
To illustrate this point, two class A ,B-lactamases are included. In the S. albus G enzyme, an additional helix is found between S. aureus helices 2 and 3. It is referred to as helix a2a. Conversely, in the S. albus G enzyme, helix a7 reduces to a loop and cannot be considered to be a helix. The additional i strands in the class C 1-lactamase are accordingly numbered ,B2a-, i2b; ,B2c, and ,B2d, since they are inserted between 132 and 133. In the upper part of the figure, the numberings of, the S.R61 DD-peptidase and of the S. albus 13-lactamase include the signal peptides. explain one major difference between the class C 1-lactamases and the enzymes of the other classes. In class C 13-lactamases, helix alO appears to run parallel to al and antiparallel to all, while it has the opposite orientation in the DD-peptidase and in class A (Fig. 4) . The a/l domain contains only one active-site element (KTG), which is on 13 in all cases.
At this point, we wish to stress again that, on the basis of the available knowledge, the role of structural elements 2 and 3 might be quite different in class A and C 13-lactamases. Starting with the rather safe assumption that a general base is necessary for activating the hydroxyl of the active Ser residue, that general base would be E166 (element 3) in class A 1-lactamases and the anion of Y150 (element 2) in class C 1-lactamases.
One can also attempt to fit the sequence of class D ,B-lactamases to the general model, on the basis of the conserved active-site elements and secondary structure pre -FIG. 4 Fig. 2A .
In conclusion, the class A f3-lactamase model can be used as a reference for all serine 1-lactamases and probably for many DD-peptidases. We propose that, in addition to the ABL consensus numbering scheme (2), the numbering of class A secondary structure elements also be adopted for all active serine penicillin-recognizing enzymes, as we have done in Fig. 3 .
